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openings in buildings, such as open windoiméltration refers
Particle penetration into buildings influences human exposure to the uncontrolled flow of air through cracks and leaks through

to particles of ambi_ent origin. In th_is study, we present the results the building envelope.

of laboratory experiments measuring particle penetration through In the United States, large commercial buildings commonly

surrogates of cracks in building envelopes. Rectangular slots were h hanical tilati t dth trati f
prepared, with crack heights of 0.25 and 1 mm and flow-path ave mechanical ventiiation systems, and the penetration ot am-

lengths of 4-10 cm, using common building materials: aluminum, bient particles into these buildings is strongly influenced by the
brick, concrete, plywood, redwood lumber, pine lumber, and strand  performance of filters in the air handling system (Hanley et al.
board. Air was drawn through a slot from a well-mixed chamber  1994). In buildings where natural ventilation dominates air ex-
by applying a pressure difference AP) of 4 or 10 Pa. Nonvolatile, - -nange particle penetration should approach unity because the

electrically neutralized particles were generated and introduced _. . . ) . .
into the chamber. The particle penetration factor was determined, airflow openings are large. Infiltration-dominated air exchange

for particle sizes 0.02—7um, as the ratio of the particle concentra- IS common in residences, especially when air conditioning or
tion downstream of the slot to that in the chamber. Particle size heating is required to maintain thermal comfort. Particle pene-
and crack height were the two main factors that governed frac- tration in this case depends on the geometry of the air leakage

tional partlclt_a penetration. Con5|stent_W|th prior modellng_results, paths, the pressure difference that induces flow, and particle
the penetration factor was nearly unity for particles of diameter

0.1-1.0pm at >0.25 mm crack height andAP of >4 Pa. Parti- tra_ns_port properties. Qumulatively, peoplg s_pen(_j much time in
cle penetration diminished for larger and smaller particles and for  buildings that are ventilated by means of infiltration. As a con-

cracks with significant surface roughness and irregular geometry. sequence, among the particles of ambient origin that are inhaled
by humans, a substantial proportion passes through air infil-
tration pathways of buildings in their transit between source

and receptor. A sound understanding of human exposure to air-
INTRODUCTION borne particulate matter requires knowledge of the penetration

Epidemiological evidence has linked elevated ambient pdt-OC€ss. . o o
ticle levels to adverse human health effects (Pope 2000; Popé-ittie was known about particle penetrationinto buildings un-
etal. 2002). People spend a large proportion of their time indodfighe mid 1990s. Since then, several studies have been published
(Klepeis et al. 2001). Consequently, human inhalation exposﬁpé‘t infer overall particle penetration rates into residences on the
to particles of outdoor origin depends substantially on the degf@@sis of model fits to field data on indoor and outdoor particle
to which such particles can penetrate the building envelope df¥els (Thatcher and Layton 199Gzkaynak et al. 1996; Long
remain suspended in indoor air (Riley et al. 2002). et al. 2001; Vette et al. 2001). Other investigators have reported

Buildings are ventilated by three mechanisttechanical On laboratory-based experiment.s of p.article penetration (Lewis
ventilationis air exchange induced by fariatural ventilation 1995; Mosley etal. 2001). Ina prior article, we presented a mod-

occurs by wind and buoyancy-induced flow through design@d}l”g analysis of particle penetration through single cracks and
wall cavities (Liu and Nazaroff 2001). Although these studies

I have advanced our knowledge, they have not fully elucidated
Received 19 March 2002; accepted 6 February 2003. the extent to which particles penetrate building envelopes.
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tested had regular, rectangular geometry, and were made frensuring that air passed through the crack only, and not through
common building materials. In addition, particle penetratiothe material pores.
through a broken brick was investigated. The slot dimensions The crack apparatus is illustrated in Figure 1. The main com-
and the applied pressure differences were chosen to be repanent consists of two plates of identical size and materials. In
sentative of conditions in buildings. Penetration was measuregparate experiments, two crack heights, 0.25 and 1 mm, were
over a broad range of particle diameters, 0.02:H7. The re- created by inserting metal shims of the appropriate thickness be-
sults are compared against model predictions (Liu and Nazarwfieen the two plates. The crack heights were further confirmed
2001). by use of a feeler gauge of appropriate thickness. The crack
length, i.e., the dimension parallel to the airflow direction, was
4.3 and 9.9 cm for aluminum cracks, and 4.5 cm for the other
METHODS materials.
Crack Apparatus The specific_ crack_ heights_ of 0.25 and 1 mm were selected
a}o represent dimensions of interest for real building leakage

Cracks were prepared using seven different materials: alu-
. . . aths. The smaller value represents a lower bound of the crack
minum, brick, concrete, plywood, redwood lumber, pine lumbe,

and strand board. The aluminum plates were machined so eight through which significant infiltration airflow could occur

: n buildings. For crack heights larger than 1 mm, penetration is

the inner wall surfaces of the crack were apparently smooth (as ) . :

) , ; . expected to be large over a broad range of particle sizes (Liu and
characterized by touch and profilometry). This represents an i hzaroff 2001)
alized case in which surface roughness is expected to have min: ' .
) . . The crack apparatus was assembled and mounted with a gas-
imal effect on particle deposition. Rectangular slots or cracks . .

) . - ) et to an aluminum cover that allowed sampling of aerosols
were configured from the other six materials by cutting the . L

. . owing through the crack by the measuring instruments. The

with conventional methods. Some of the natural surface rou

. . . . hole apparatus was coupled to a slot in the wall of a well-
ness of these materials was retained to approximately simulate . . :
- . - mixed aluminum chamber (50 cen40 cmx 40 cm) into which
the texture of building cracks. Brick, redwood lumber, and pmearticles were introduced. A alazing compound was applied to
lumber were cut to the desired size directly from the origingl A9 9 P PP

bulk materials. To imitate the coarse surface texture of buila—eal leaks at the junction between the crack apparatus and the

ing gaps made of plywood and strand board, each side of heamber so that the designed leakage path was the only aerosol
crack apparatus was created by gluing together several boart%l\,’ pathway.

such that the cut ends were exposed to particle-laden airflow

with the ply layers oriented in the crossflow direction. For corMeasuring Penetration

crete, we made plates by pouring a mixture of Portland cement, The experimental configurations are illustrated schematically
sand, and water into a plywood form, so that the surface tar-Figures 2—4. Different arrangements were required for differ-
ture resembled closely that of realistic concrete walls. For woedt particle size ranges. In each case, particles were generated
materials, polyurethane paint and caulking agents were applet continuously supplied to the aluminum chamber. Air was

on the exterior surface of the crack apparatus to seal the poregracted at a constant rate from the chamber through the crack

chamber

air
% th aerosol crack length
instruments v
air
side view top view

Figure 1. Configuration of crack apparatus (not to scale).



PARTICLE PENETRATION THROUGH BUILDING CRACKS 567

peristaltic pump

saturated

HEPA  atomizing air _ J nozzle KCl solution

filter ”
__%__) A 1
compressed air silica gel —-)N—) aeroso
generator
column

drying air
>

Kr-85
pump neutralizer
: polydisperse

aerosol v /

=

mass flow
controller

crack
apparatus

APS [ * 1

Figure 2. Experimental schematic for measuring particle penetration through the crack apparatus for particle digmeter
0.6 um.

chamber

apparatus. Particles were measured upstream and downstraarass building envelopes). For the crack sizes and pressure dif-
of the crack. The penetration factor was evaluated as the ratiderfences that were investigated in this study, the airflow within
the downstream to upstream concentration. the crack was laminar. Furthermore, the airflow rate exhibited

For particles larger than 06m in diameter (Figure 2), poly- a linear relationship with pressure difference, indicating that
disperse droplets were generated by supplying a highly cdlow resistance was dominated by viscosity (Baker et al. 1987;
centrated aqueous KCI solution under high pressure into tGlastain et al. 1987). Before each run, the relationship between
nozzle of the custom-built atomizer. The spray particles weceack airflow rate and pressure difference was measured. Then,
dried and electrically neutralized before being introduced inturing an experiment, the airflow rate was established at the
the aluminum chamber. For submicron particles (Figure 3),value necessary to achieve the target valuaf
dilute aqueous KCI solution was supplied to a constant output The particle penetration experiments were performed for par-
atomizer (TSI, Inc. Model 3075), and the droplets were thditle diameters ranging from 0.02 toufn. Particles were sam-
passed through a diffusion dryer and a Kr-85 neutralizer (TSlled through copper tubing. Two identical tubes (28.4 cm long
Inc. Model 3077). To examine submicron particle penetratiomith an inner diameter of 0.5 cm) were used to connect the
with greater precision, experiments were also conducted withamber and the crack apparatus to a three-way valve. During
monodisperse particles that were generated by means of areaperiments, the valve was switched to alternately direct the
omizer coupled to a differential mobility analyzer (DMA, TSl,upstream or downstream aerosol flow to one of the measuring
Inc. Model 3071), as illustrated in Figure 4. The particle diaménstruments (Aerodynamic Aerosol Sizer, APS, TSI, Inc. Model
ters used with this approach were 0.02, 0.03, 0.05, anduhf9 3320; Electrostatic Aerosol Analyzer, EAA, TSI, Inc. Model

A pump was employed in conjunction with the aerosol me&030; and Condensation Nuclei Counter, CNC, TSI, Inc.
surement instruments to withdraw air at fixed flow rates out dodel 3022 or 3022A) (see Figures 2—4). The EAA was used
the chamber so as to maintain the desired pressure differet@eeasure particle number concentrations in seven size ranges,
across the crackP =4 or 10 Pa, typical pressure differentialsvhich had mean particle diameters of 0.024, 0.042, 0.075, 0.13,
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Figure 3. Experimental schematic for measuring particle penetration through the crack apparatus for partitje<sizem.

0.24,0.42,and 0.7bm, respectively. The APS was used to megercent confidence intervals in the mean, based on fluctuationsin

sure size-resolved particle number concentrations for partictbe measured concentrations. Three data sets are illustrated, with

larger than 0..m in diameter. For the experiments involvingdifferent shapes distinguishing among the three experimental

monodisperse particles, the CNC was used to measure partiokethods.

concentrations. For a given crack height, the highest particle penetration fac-
We began collecting particle concentration data only aftésrs were predicted to occur for particles of 0.1 yorth in diame-

the levels in the chamber reached an apparent steady state. ufParticles outside of this size range deposit on crack surfaces

ficient flushing intervals were used between crack and chamibgrmeans of gravitational settling or Brownian diffusion. The

samples to ensure that our measurements accurately reflectedlel predictions generally conform well to the experimental

the intended conditions. results.
The study by Mosley et al. (2001) compared their experimen-
RESULTS AND DISCUSSION tal penetration data to the same modeling predictions, and good

Figures 5 and 6 present the experimental results for partielgreement was reported. The “total transport fraction” reported
penetration through aluminum cracks unde® of 4 and 10 Pa, by Lewis (1995) was defined as the ratio of the aerosol concen-
respectively. The solid and dashed lines in the figures represtation in a chamber to that of a challenge dust. This fraction
the predictions of particle penetration associated with the giveambines the effects of particle penetration and deposition to
crack heights and crack lengths, based on the model for idealizdéhmber surfaces and so cannot be compared to the penetration
cracks (Liu and Nazaroff 2001). Each symbol in the penetratioesults in the present study.
figures represents the mean value of many measurements foFigure 7 displays the experimental results for cracks made of
a given particle size. The error bars correspond to ninety-fitkee six other building materials. Model predictions based on the
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Figure 4. Experimental schematic for measuring particle penetration through the crack apparatus for particle digireeter
0.1 .m. (Monodisperse aerosols were generated in this arrangement.)
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Figure 5. Comparison of model predictions with experimental data for aluminum cracks. Results are presented for four sets of
crack dimensions (crack heights of 0.25 mm and 1.0 mm and crack flow lengths of 4.3 cm and 9.4 cm), with an applied pressure
difference, AP = 4 Pa.
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Figure 6. Comparison of model predictions with experimental data for aluminum cracks. Results are presented for four sets of
crack dimensions (crack heights of 0.25 mm and 1.0 mm and crack flow lengths of 4.3 cm and 9.4 cm), with an applied pressure
difference, AP = 10 Pa.

assumption of smooth crack surfaces are also shown. Amanyl concrete, where roughness may play a role leading to more
the six tested materials strand board and concrete appearedotimticle deposition to crack surfaces. For instance, ata 0.25 mm
roughest, based on direct sensory observation (sight and touchyck height, for particles in the size range 0.1-+0, the mea-
A small piece (20Qem x 200.m) of the strand board crack sur-sured particle penetration factors for these two cracks were less
face was characterized for roughness (Micromap 570 Profildan the predicted values by20%. In this size range, Brown-
The results revealed that the root mean square (rms) height vai diffusion is animportant transport mechanism contributing to
ation along a line was-15 um and peak to valley difference deposition in the crack, whereas for larger particles gravitational
was~70 um. If a larger area were sampled, these roughnessttling controls the deposition rate. The discrepancy between
parameters would probably have been larger. model and measurement may be a consequence of roughness ele-

At a crack height of 1.0 mm, the experimental data presentetents protruding into the particle concentration boundary layer.
in Figure 7 show essentially complete penetration for all sikhe boundary layer is thinner for larger diffusive particles, and
materials across the full range of particle sizes tested, in gosal roughness is expected to play a greater role in enhancing
agreement with predictions. For 0.25 mm crack height, penetdeposition for 0.1-0.4m particles than for ultrafine particles.
tion was significantly lower, especially for ultrafine (diameter ~ We used scale analysis (Bejan 1984) to estimate the parti-
0.1u.m) and supermicron particles. Moderately good agreemenié concentration boundary layer thickness within the crack. At
of the model predictions with measurements was observed fbPa and 0.25 mm crack height, the thickness of the particle
most materials. concentration boundary layer for 0.03 and 18 particles was

For redwood and concrete with a crack height of 0.25 mm;370 and 10Qum, respectively. This suggests that the protrud-
deviations are exhibited between model and measurementifay roughness elements on the strand board, for example, may
particle sizes less than Oudm. We believe that this was causede immersed within the particle concentration boundary layer
by deformation of the cracks over time for these two samples,fas ultrafine particles, as illustrated in Figure 8, but extend well
these experiments were undertaken with a longer delay betwé®o the boundary layer for the case of 0.1-@uah particles.
fabrication and sampling than were the others. Geometric devidierefore, for particle diameters less than Qrh, no signifi-
tion of the redwood and concrete crack apparatus was confirnoastht enhancement would be expected for particle deposition in
by means of a feeler gauge test, which indicated some lacktlé presence of surface roughness. Also, for particles larger than
uniformity in crack height in the crossflow dimension. 0.4 um, where gravity begins to control deposition, roughness

Less particle penetration than predicted was observed in tygpears to be relatively unimportant, and the smooth-surface
particle size range of 0.1+1m for cracks made of strand boardmodel generally conforms well to the experimental data.
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Figure 7. Experimental particle penetration factors for six crack materials at crack heights of 0.25 mm and 1 mm axié with
4 Pa, as compared with model predictions.

In addition to surface roughness, the irregular geometry pérticles ¢-0.9.m) generated by a vibrating orifice aerosol gen-
real cracks may affect particle penetration. To investigate thésator (VOAG, TSI, Inc. Model 3450) were introduced into the
issue, a real crack, created by breaking a brick, was studidthmber. Particle concentrations from the chamber and down-
using the same experimental approach. The nominal flow-patineam of the crack apparatus were measured usinga CNC (TSI,
length was 4.5 cm. Two crack heights of 0.25 and 1 mm wehec. Model 3030).
examined under a pressure difference 4 Pa. In addition to theThe experimental results, presented in Figure 9, show
experimental configurations shown in Figures 2—4, for the cragknerally consistent results among the different measurement
height of 0.25 mm, an additional approach was required bechnigues. The experimental data for the rough, irregular crack,
cause the aerosol flow rate needed for the target pressure difed the model predictions for a smooth, regular-geometry chan-
ferential was too low to be accurately sampled by the EAMel show good agreement for particles smaller than abouti.3
Instead, a Laser Aerosol Spectrometer (LAS-X, Particle Mediameter. For most larger particle sizes, less penetration was ob-
surement Systems, Inc., Boulder, CO) was used to determgeved than predicted.
penetration for 0.1-Lm diameter particles. Also, to confirm  Note that at a particle diameter ef2 um, the measured
the experimental results measured with the APS, monodispepsmetration did not go abruptly to zero as predicted by the model.
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L. — -baseline

microscopic view of surface

Figure 8. Schematic illustration of concentration boundary layers for particles of (ay&nd (b) 0.3:m. Surface roughness
is also illustrated, with rms referring to the standard deviation of the height of the test surface and PV representing the height
difference from peak to valley.

A similar result was observed for concrete cracks (see Figurel@yger crack height, penetration would be more effective than

for which the slot openings were not sharp-edged as were otpeedicted by the model.

crack samples. A possible explanation for this phenomenon isFor a crack height of 1.0 mm, evident deviations of the experi-

that certain portions of these irregular flow channels have largaental data from the idealized predictions occur for supermicron
crack heights than the 0.25 mm base value. In the zones withrticles. The enhanced deposition of bigger particles might be
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Figure 9. Comparison of model calculations and experimental results for naturally broken brick with crack heights of 0.25 mm
and 1 mm.
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caused by nonuniform crack geometry that gives rise to lodabntinued developments on this topic would benefit our under-

flow irregularity, which in turn leads to impaction or intercepstanding of how ambient particle sources might affect health.

tion when particles hit the protruding elements associated withhey may also lead us to improvements in building design and

the rough surfaces. For submicron particles, on the other haogeration that reduce human exposure to outdoor particulate
the experimental data show good agreement with the predictionstter.

suggesting that neither nonuniform crack geometry nor surface

roughness has significant influence on particle deposition for
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